Abstract. Stroke is associated with high morbidity and mortality, and much remains unknown about the injury-related mechanisms that occur following reperfusion. This study aimed to explore the roles of Toll-like receptor 2 (TLR2) and sphingosine kinase 1 (Sphk1) in microglial cells in inflammatory responses induced by cerebral ischemia/reperfusion (I/R). For this purpose, C57BL/6 mice were randomly divided into 4 groups as follows: the sham-operated group, the I/R group, the I/R group treated with TLR2 antibody, and the I/R group treated with N,N-dimethylsphingosine. Focal cerebral I/R was induced by middle cerebral artery occlusion. Double-labeling immunofluorescence was used to observe the protein expression of TLR2 and Sphk1 in the ischemic brain tissue. Quantitative polymerase chain reaction was performed to determine the mRNA levels of TLR2 and Sphkl in ischemic brain tissue. Enzyme-linked immunosorbent assay was carried out to detect the protein contents of interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), IL-17 and IL-23 in ischemic brain tissue. The results revealed that I/R upregulated TLR2 and Sphk1 expression in microglial cells, and the inhibition of either TLR2 or Sphk1 inhibited the expression of the pro-inflammatory cytokines, . Notably, the inhibition of TLR2 activity also decreased Sphk1 expression. These results thus indicate that the activation of microglial cells, via a TLR2→Sphk1→pro-inflammatory cytokine (IL-1β, TNF-α, IL-17 and IL-23) pathway, may participate in I/R injury.
Introduction
Stroke is a serious threat to human health (1) , and ischemia/ reperfusion (I/R) injury (IRI) is an important pathophysiological mechanism of ischemic stroke (2) . Although the mechanisms of IRI are complex, increasing evidence indicates that the immune inflammatory response plays an important role in this process (2, 3) . Microglial cells are residential macrophages in the central nervous system (CNS). As the first defensive line against pathogenic microorganisms, microglial cells provide innate immune signaling and adaptive immune responses (4) . Microglial activation is considered to be a hallmark of neuroinflammation. It is well documented that the activation of microglia in various neurodegenerative diseases contributes to neuroinflammation through the release of large amounts of pro-inflammatory cytokines. Some of these are neurotoxic, suggesting that activated microglia participate in acute brain injury and cerebral ischemia (5, 6) .
Toll-like receptors (TLRs) are a family of transmembrane receptors that are able to recognize pathogen-associated molecular patterns. As essential components of the microglial innate immune response, TLRs induce the production of neurotoxic factors from microglia, contributing to neuronal damage (7, 8) . The activation of TLR2 leads to the activated microglial expression of pro-inflammatory cytokines, including interleukin (IL)-23, IL-17, IL-1β and tumor necrosis factor-α (TNF-α) in various neuroimmunological diseases, such as multiple sclerosis, experimental autoimmune encephalomyelitis and IRI (4, (9) (10) (11) (12) .
Sphingosine-1-phosphate (S1P) can regulate cell proliferation, survival, apoptosis, migration and Ca 2+ osmotic balance (13) . The S1P signaling pathway in the CNS plays a role in important processes, such as neurotransmitter release, proliferation and cell survival (14) . As an intracellular second messenger and an extracellular ligand that interacts with G protein-coupled receptors (15, 16) , S1P regulates peripheral macrophages and immune cell function (17) (18) (19) , which are involved in major pathophysiological mechanisms in autoimmune diseases of the CNS (20, 21) . Sphingosine kinase (Sphk) is a key enzyme in S1P synthesis (22, 23) and plays an important role in human immune cell chemotaxis and wound healing processes. It has two isoforms, Sphk1 and Sphk2 (20, 24) . Sphk1 is the main source of Sphk activity in brain tissue (25, 26) . BV2 microglial cells
Crosstalk between TLR2 and Sphk1 in microglia in the cerebral ischemia/reperfusion-induced inflammatory response and purified microglia from primary cultures have been shown to express some or all of the five S1P receptors (27) . The Sphk1/ S1P signaling pathway has been shown to be involved in the inflammation of peripheral immune cells and BV2 cells through autocrine/paracrine pathways and to promote the production of TNF-α, IL-1β and nitric oxide (NO) through the nuclear factor-κB (NF-κB) pathway (20, 28, 29) . The Sphk1-specific inhibitor, N,N-dimethylsphingosine (DMS), or Sphk1 knockout can inhibit microglial cells expressing NF-κB, TNF-α, IL-1β and inducible nitric oxide synthase (iNOS), as well as reduce TNF-α and NO release (28, 29) . Resting microglia typically express very low levels of sphingolipid metabolities, including Sphk1 (30) . Exposure to Lipopolysaccharide (LPS) or hypoxia upregulates Sphk1 expression in amoeboid microglia and BV2 cells, and Sphk1 plays a crucial role in the early stages of CNS inflammation (28, 29) . It has been suggested that TLR2 in microglia mediates the activation of the innate immune system by the production of pro-inflammatory cytokines in cerebral I/R (12) . Sphk1 in microglia is involved in hypoxic brain damage and inflammation (29) . Moreover, TLR2 signaling results in NF-кB formation and then induces the production of pro-inflammatory signals, such as IL-1β (31) (32) (33) (34) . Sphk1 is involved in LPS-induced NF-кB activation, and DMS can block LPS-stimulated NF-кB expression (35) . Based on this evidence, we hypotheseized that TLR2 is closely associated with Sphk1 in activated microglial cells and is involved in the inflammatory response following cerebral I/R. In the present study, we assessed the TLR2 and Sphk1 expression levels in activated microglia during the course of cerebral I/R. We then examined the effect of the TLR2 and Sphk1 on the release of the pro-inflammatory cytokines, IL-1β, TNF-α, IL-17 and IL-23. We also explored the crosstalk between TLR2 and Sphk1.
Materials and methods
Animals. Clean grade healthy male C57BL/6 mice (10-12 weeks old, weighing 25-30 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were housed in an animal room that was sealed and sterilized by ultraviolet (UV) light irradiation, room temperature 27˚C and 40% humidity. Mouse feed, litter and drinking water were autoclaved (120˚C, 40 min). The mice were randomly divided into a sham-operated group (n=54), an I/R group (n=54), an I/R + TLR2 antibody group (n=36), and an I/R + DMS group (n=36). Each of these groups was randomly divided into subgroups of ischemia for 1 h followed by reperfusion for 12, 24 or 48 h. In the sham-operated and I/R groups, the mice in each subgroup (I/R 12-h subgroup, n=18; I/R 24-h subgroup, n=18; I/R 48-h subgroup, n=18) were separately used for immunohistochemistry (n=6), fluorescence quantitative polymerase chain reaction (PCR) (n=6) and enzyme-linked immunosorbent assay (ELISA) (n=6). In the I/R + TLR2 antibody and I/R + DMS groups, the mice in each sub-group (I/R 12-h subgroup, n=12; I/R 24-h subgroup, n=12; I/R 48-h subgroup, n=12) were separately used for fluorescence quantitative PCR (n=6) and ELISA (n=6). This study was approved by the Ethics Board of the First Affiliated Hospital of Harbin Medical University, Harbin, China and all animal experiments were performed in compliance with the principles and procedures outlined in Establishment of focal cerebral I/R model. The suture method was used to occlude the cerebral middle artery of the mice to establish a focal cerebral I/R model. Briefly, 10% chloral hydrate (intraperitoneal injection of 3.5 ml/kg body weight) was used to anesthetize the mice, and the carotid artery, external carotid artery and internal carotid artery were then isolated and exposed. A monofilament nylon wire coated with poly-D-lysine (diameter 0.2 mm) was inserted into the internal carotid artery through the external carotid artery for approximately 10-12 mm to induce ischemia in the middle cerebral artery of the brain. The wire was removed after 1 h to achieve reperfusion. Following 45 min of ischemia, the mice in the I/R + TLR2 antibody group were injected with TLR2 antibody [T2.5] (0.05 µg/mouse) through the tail vein, and the mice in the I/R + DMS group received intraperitoneal injections of DMS (400 µg/kg) (29, 64) . In the sham-operated group, a wire was inserted into the carotid artery, but was immediately pulled out after encountering any resistance. A thermal blanket was used to maintain rectal temperature within 37±1˚C.
Immunohistochemistry. The double-label immunofluorescence method was used to observe the expression of TLR2 and Sphk1 in microglial cells during the process of cerebral I/R. Each group of mice were reperfused for 12, 24 or 48 h, then anesthetized with an intraperitoneal injection of 10% chloral hydrate (3.5 ml/kg body weight) before they were perfused with 4% paraformaldehyde (pH 7.4). The brain tissues were removed and stored at -80˚C. A microtome cryostat was used to prepare continuous sections, and the slice thickness was approximately 4 µm. The slices were mounted on glass plates pre-coated with 2% APES, fixed with acetone for 1 min, then placed in a 4˚C thermostatic showcase for storage. The sections were then washed in 0.01 mol/l phosphate-buffered saline (PBS, pH 7.4) for 5 min, and goat serum was used to prevent non-specific antibody binding to the tissue. The slices were placed under room temperature in a wet box for 30 min, followed by overnight incubation with primary antibodies at 4˚C. The corresponding secondary antibodies were incubated after washing with PBS. Images of the tissue sections were acquired using a fluorescence microscope (DMI6000B; Leica, Wetzlar, Germany) at a magnification of x200.
Fluorescence quantitative PCR.
A fluorescence quantitative PCR method was used to measure the mRNA levels of TLR2 and Sphk1 in ischemic brain tissue. Each group of mice after 12, 24 or 48 h of reperfusion were then anesthetized with 10% chloral hydrate (3.5 ml/kg body weight) by intraperitoneal injection. The ischemic side brain tissue was storeed at -80˚C in a low temperature freezer for future use. Primers for the real-time PCR detection of the target gene were designed and synthesized by Beijing kangwei Century Biotechnology Co. and were as follows: TLR2 forward, CAGTCCCAAAGTCT AAAGTC and reverse, CTACGGGCAGTGGTGAAAAC, amplification product 166 bp; Sphk1 forward, GGAACC AGTAGAATGCCCTC and reverse, GGTTCTTCCGTTCGG TGAGT, amplification product 173 bp. An ultrapure RNA extraction kit (cat no. CW0581; CW Bio. Co., Ltd., Beijing, China) was used to extract total RNA amount from the tissue. Samples containing 5 µl RNA were assessed with 1% agarose gel electrophoresis, and a HiFi-MMLV cDNA first-strand synthesis kit (cat no. CW0744; CW Bio. Co., Ltd.) was used to perform reverse transcription. Using an LC-480II quantitative PCR machine, the 2 -ΔΔCT method was used for the quantitative analysis of related data. Each sample was analyzed in duplicate.
ELISA.
A multi-factor protein biomarker detection system (purchased from LightArray Biotech Co.) was used to measure the protein contents of IL-23, IL-17, IL-1β and TNF-α in the ischemic brain tissue. Following reperfusion for 12, 24 or 48 h, each group of mice was anesthetized with 10% chloral hydrate (3.5 ml/kg body weight) by intraperitoneal injection, and the ischemic brain tissue was collected and stored at -80˚C. Mouse brain tissue was homogenized, then 50 µl standard sample or 50 µl test samples were incubated under 20-25˚C (200 rpm for 3 h). Subsequently, 50 µl biotinylated antibody reagent were added to each well and incubated at 20-25˚C (200 rpm for 30 min). This was followed by the addition of 50 µl streptavidin-biotin-horseradish peroxidase reagent and incubated the mixtures at 20-25˚C (200 rpm for 30 min). Finally, 50 µl peroxide and SuperSignal Luminol/Enhancer mixtures were added to each well and the fluorescence was measured using a CCD camera. A Cirascan scanning and analysis system (Aushon BioSystems, Inc., Billerica, MA, USA) was used to scan the images, and CIRAS multiple analysis system software was employed to analyze and calculate the light signal density in the image. Each sample was analyzed in duplicate.
Statistical analysis. In this study, the immunofluorescence quantitative PCR and ELISA results are expressed as mean ± SD. Statistical analysis was evaluated using one-way analysis of variance (ANOVA; SPSS version 19.0; IBM, Armonk, NY, USA). A value of p<0.05 was considered to indicate a statistically significant difference.
Results

TLR2 is expressed in microglia in response to cerebral I/R and is unaffected by Sphk1
. Double immunofluorescence labeling was used to observe the co-expression of TLR2/Iba1 and TLR2/GFAP in the brain tissue of the sham-operated and I/R groups. Both of these exhibited green fluorescence, as shown in Fig. 1 , whereas TLR2 exhibited red fluorescence. All the images were taken from the peri-infarct cortex at 12, 24, and 48 h following cerebral I/R, and the same area was assessed in the sham-operated group. The majority of TLR2-positive cells also expressed Iba1 (marker for microglia), while TLR2 did not co-localize with GFAP in any subgroup of the sham-operated or I/R groups. Although Iba1-positive cells were present, no TLR2 signal was observed in sham-operated mice. In the I/R group, TLR2-positive cells were found in the peri-infarct tissue. Fewer were observed in the I/R 12-h subgroup, higher levels were noted in the I/R 24-h subgroup, and slightly lower levels were noted in the I/R 48-h subgroup. These results suggested that cerebral I/R may activate microglia and sequentially induce the expression of TLR2, which is important for inflammatory responses.
The results of fluorescence quantitative PCR for TLR2 revealed that I/R upregulated the mRNA expression level of TLR2. Compared with sham-operated mice, the TLR2 mRNA level in the I/R brain tissue was higher at all time points (p<0.05). Moreover, the TLR2 mRNA levels in both the I/R 24-and 48-h subgroups were higher than those in the 12-h subgroup (p<0.05), although no significant differences were observed between them at 24 and 48 h (p>0.05). The Sphk1-specific inhibitor, DMS, was used to inhibit Sphk1 activity and to examine the effects of Sphk1 on TLR2. The data demonstrated that DMS did not affect the TLR2 levels in the I/R group (p>0.05) (Fig. 2) .
Sphk1 is expressed in microglia in response to cerebral I/R and is dependent on TLR2.
Immunofluorescence double labeling was used to observe the co-expression of Sphk1/Iba1 and Sphk1/GFAP in brain tissue from each group (Fig. 3) . All the images were taken from the peri-infarct cortex of I/R mice, and the same area was observed in the sham-operated group. The results were similar to those obtained for TLR2; the majority of Sphk1-positive cells also expressed Iba1, while Sphk1 did not co-localize with GFAP in any subgroup of the sham-operated or I/R groups. Although the Iba1-positive cells were present, no Sphk1 was observed in the sham-operated mice. In the I/R group, Sphk1-positive cells appeared after 12 h, peaked at 24 h and slightly decreased at 48 h. These results suggested that cerebral I/R may activate microglia and sequentially induce the expression of Sphk1, which showed temporal dynamics consistent with TLR2.
The data of fluorescence quantitative PCR for Sphk1 indicated that I/R led to an increase in Sphk1 mRNA expression. Similar to the results of TLR2, the Sphk1 mRNA levels in sI/R mice were higher than those in the sham operation group at any time-point (p<0.05). TLR2 mRNA increased after 12 h reperfusion, peaked at 24 h, and slightly decreased at 48 h compared with 24 h. Anti-TLR2 monoclonal antibody was used to inhibit TLR2 activity and to examine the effects of TLR2 on Sphk1. Notably, TLR2 downregulated the Sphk1 mRNA levels both in the 12-and 24-h I/R subgroups (p<0.05). However, TLR2 did not have any significant effects on the Sphk1 levels in the 48-h I/R subgroup (p>0.05) (Fig. 4) .
Suppression of either TLR2 or Sphk1 inhibits the generation of pro-inflammatory cytokines following I/R.
To further confirm the roles of TLR2 and Sphk1 in I/R-induced inflammation, the IL-β, TNF-α, IL-17 and IL-23 contents in brain tissue from each group were determined. The results revealed that IL-1β was expressed at significantly higher levels in the ischemic brain tissue after 12 or 24 h of reperfusion compared with the sham-operated group (p<0.05). However, no significant differences were observed between the sham-operated group and the 48-h I/R subgroup (p>0.05). Although the IL-1β level in the 12-h I/R subgroup appeared higher than that in the 24-h I/R subgroup, the difference was not significant (p>0.05). Importantly, treatment with TLR2 antibody or DMS significantly decreased the IL-1β content in the samples from the the 12-and 24-h I/R subgroups (p<0.05) (Fig. 5) .
Cerebral I/R significantly increased the expression of TNF-α at any time point (p<0.05). The TNF-α level in the I/R group increased at 12 h of reperfusion, peaked at 24 h of Figure 1 . Increased Toll-like receptor 2 (TLR2) expression in tissues from mice subjected to cerebral ischemia/reperfusion (I/R) (magnification, x200). Tissues were double-labeled with TLR2 (red) and Iba1 or GFAP (green). Double-immunofluorescence labeling was analyzed under a fluorescence microscope. White arrows represent protein-positive microglia. The subgroups of the sham-operated group were not differentiated, since the results among the different time points were basically the same. reperfusion, and began to decrease at 48 h after reperfusion. Treatment with both TLR2 antibody and DMS reduced the TNF-α level in the ischemic brain tissue in the I/R group at 24 h (p<0.05). Nonetheless, neither TLR2 antibody nor DMS had any effects on the TNF-α level in the 12-h subgroup or the 48-h subgroup (Fig. 6) .
IL-17 expression levels in mouse brain tissue were measured using ELISA, and the results revealed that I/R significantly increased IL-17 expression (p<0.05). The upregulated IL-17 expression appeared after 12 h, peaked at 24 h, and the levels at 48 h were similar to those at 12 h (p<0.05). Samples from the mice treated with TLR2 antibody or DMS showed significantly decreased levels of IL-17 at 24 h (p<0.05). Conversely, neither TLR2 antibody nor DMS altered IL-17 expression at 12 or 48 h (p>0.05) (Fig. 7) .
The IL-23 content was low in the brain tissue of the sham-operation group and was upregulated significantly by I/R (p<0.05). Similar to IL-17, the IL-23 levels increased at 12 h of reperfusion, peaked at 24 h, and began to decline at 48 h of reperfusion (p<0.05). TLR2 antibody downregulated the IL-23 levels in each subgroup (p<0.05). Moreover, DMS only reduced the IL-23 content in the 24-h subgroup (p<0.05) (Fig. 8) .
Discussion
The primary aim of this study was to determine the interaction between TLR2 and Sphk1 in microglia following cerebral I/R. We confirmed the effects of TLR2 and Sphk1 on the inflammatory response induced by I/R. Both TLR2 and Sphk1 were primarily expressed in microglia and were upregulated by cerebral I/R. In addition, TLR2 and Sphk1 elevated the levels of pro-inflammatory cytokines, including IL-β, TNF-α, IL-17 and IL-23. Furthermore, as the upstream factor of Sphk1, TLR2 regulated the expression of microglial Sphk1 in cerebral I/R. Therefore, activated microglial cells may be involved in cerebral IRI through the TLR2/Sphk1/pro-inflammatory cytokine pathway.
Microglia are currently considered a double-edged sword. Activated microglia swallow infiltrating neutrophils to protect neurons through the release of neurotrophic factors and antiinflammatory cytokines (7, 36) . In neuroinflammatory diseases, excessive activation of microglial cells can result in the release of large amounts of cytotoxic factors, such as peroxides, NO, TNF-α, free radicals, adhesion molecules and cytokines, which induce neuronal damage (37) (38) (39) (40) (41) . Microglial activation is an early response to brain ischemia. Microglia proliferate and migrate to the sites of injury and induce a non-specific innate immune response that may exacerbate acute ischemic injury (42) . In this study, activated microglia infiltrated the ischemic brain tissue and expressed TLR2 and Sphk1. Both TLR2 and Sphk1 separately induced the release of pro-inflammatory cytokines, including IL-β, TNF-α, IL-17 and IL-23 (Figs. 5-8) . These results suggest that cerebral I/R induces microglial activation, which may mediate an inflammatory response to aggravate cerebral IRI.
The ischemia-induced damage of adjacent cells is detected by microglial receptors, such as TLRs. The activation of microglia leads to the release of important pro-inflammatory cytokines, including TNF-α (43) and various ILs (44, 45) . While mRNA for all TLRs can be detected in the brain, TLR2 and TLR4 are most highly expressed (46) . It is increasingly clear that post-stroke neuroinflammation due to TLR4 signaling aggravates stroke outcome as measured by infarct volumes, neurological function and inflammatory markers (47) (48) (49) . Several models of cerebral ischemia have identified the role of TLR4 signaling in neuroinflammation and exacerbated stroke injury. TLR4-deficient mice exhibit improved neurological and/or behavioral outcomes in various models of cerebral infarction (50, 51) . It has been shown that TLR2 is responsible for part of the damaging inflammatory response that follows cerebral ischemia (52) . Consistent with previous studies, our results revealed that TLR2 was responsible for the production of pro-inflammatory cytokines from microglia in cerebral I/R.
Recently, the role of both Sphks in immunity and inflammation has been the focus of multiple studies (20, 35, 53, 54) , which suggest a broader role for Sphks. A study by Puneet and colleagues demonstrated that Sphk1 inhibition led to decreased phagocyte production of endotoxin-induced pro-inflammatory cytokines (55) . Other studies revealed that the inhibition of Sphk1 by its inhibitor and/or siRNA decreased the expression of pro-inflammatory cytokines, such as TNF-α, IL-1β and iNOS; when activated by LPS, microglial cells release these chemokines (28) . In this study, Sphk1 expression in microglia was induced by cerebral I/R, triggering the inflammatory response in the process.
TNF-α and IL-1β are probably the most extensively studied cytokines in experimental stroke and are upregulated early in peri-infarct microglia along with IL-17 and IL-23 (12, 56) . However, microglial activation requires hours to days to fully develop in brain ischemic injury (42) , and the increases in cytokine mRNA and protein levels are at most moderate during the first 4.5 h after ischemia (56) . Based on the results of our experiments, the protein expression of pro-inflammatory cytokines, including TNF-α, IL-17 and IL-23, displayed almost the same patterns as TLR2 and Sphk1 in cerebral I/R. IL-1β seemed to increase earlier than the other cytokines, and the elevated level of IL-1β remained from 12 to 24 h after reperfusion. The above-mentioned results indicate that it takes at least 12 to 24 h for microglial activation to progress and release proinflammatory cytokines. Moreover, higher levels of cytokines may continue within 48 h from ischemia, which is in accordance with previous reports (12, 56) .
Previous research has indicated that cerebral ischemia upregulates TLR2 and TLR4 expression (57) (58) (59) , and the increase of TLR2 is more significant than that of TLR4 (9,60,61). TLRs activate the endogenous immune system to release pro-inflammatory factors (e.g., IL-β) through the NF-кB pathway (31) (32) (33) (34) . The expression of Sphk1 in amoeboid microglia has been shown to be upregulated in post-natal rats under hypoxic conditions, which also promotes IL-β and TNF-α production via the NF-κB pathway (29) . Therefore, a common downstream pathway is activated following TLR2 and Sphk1 expression under ischemic conditions. In addition, studies on cultured human gingival epithelial cells, RAW264.7 macrophages, 293 cells, and human bone marrow-derived macrophages (THP-1) have revealed a close association between TLRs and Sphk1. Ligands of either TLR2 or TLR4 are able to activate Sphk1 by elevating transcription levels of Sphk1, increasing its activity, and inducing membrane translocation (62) (63) (64) (65) . Therefore, it is reasonable to infer that cerebral ischemia can increase TLR2 expression, which further activates Sphk1 to promote the release of IL-β, TNF-α, and other pro-inflammatory cytokines via the NF-κB pathway. In this study, the Sphk1 levels were decreased by anti-TLR2 antibody, which downregulated TLR2 activity. However, DMS did not affect TLR2 expression by inhibiting Sphk1 activity. Our results confirm the role of TLR2 as a positive regulator of Sphk1 in cerebral I/R.
In conclusion, to the best of our knowledge, this is the first study to describe the involvement of microglial cells in inflammatory reactions via a TLR2→Sphk1→pro-inflammatory cytokine (IL-23, IL-17, IL-1β and TNF-α) pathway in cerebral IRI. Microglial activation presents a target for therapeutic intervention with a much longer window of opportunity than can be achieved with current treatments. Effective agents are now available for blocking both the activation of TLR2 and the response of Sphk1 that drive the inflammatory response after stroke. Effective agents are also available for targeting the signal transduction mechanisms between TLR2 and Sphk1 or between TLR2/Sphk1 and pro-inflammatory cytokines. However, the innate immune response can exert both beneficial and deleterious effects on stroke outcome, and it will be challenging to find ways to selectively suppress the deleterious effects of microglial activation after stroke without compromising neurovascular repair and remodeling.
